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1.0 INTRODUCTION 

To achieve successful Implementation of highly efficient, radiation 
hard, low-cost GaAs solar cells, the development of high quality, large diam- 
eter GaAs substrates Is essential. In the past, GaAs was available only In 
Irregular shapes and dimensions. Recent advances In GaAs bulk crystal growth 
related to the development of the Liquid Encapsulated Czochralskl (LEC) tech- 
nique have made It possible to grow large- diameter ingots. With the support 
of NASA In our previous program "Preparation of High Purity Low Dislocation 
GaAs Single Crystals" program (NAS3-22224) , we Improved LEC crystal growth 
techniques, achieving significant reductions In twinning, background Impu- 
rities, and dislocation densities In 3-1n. diameter undoped LEC crystals. 

The purpose of the "Growth and Characterization of Czochralskl-Grown 
n- and p-type GaAs for Space Solar Cell Substrates" program (NAS3-22235) was 
to build upon the techniques developed In the previous NASA program and 
Rockwell IRAD programs to further advance the LEC crystal growth technology to 
produce n- and p-type, large diameter GaAs crystals of high quality, suitable 
for solar cell applications. Attention was focused on materials properties 
Important to solar cells, Including the dislocation density, microstructure, 
background Impurities, dopant uniformity, mobility, and minority carrier dif- 
fusion length. We Investigated the dependence of these critical materials 
properties on the materials synthesis, and growth and doping conditions In 
order to optimize the crystal growth conditions for producing high quality 
solar cell substrate materials. The results were compared with those from 
GaAs crystals grown by conventional bulk growth techniques. 

Five crystal growth experiments were performed at the Microelec- 
tronics Research and Development Center (MRDC) during the course of the pro- 
gram. Figure 1 shows a 2.4 Kg, Se-doped, 3-1n. diameter LEC GaAs Ingot (R45) 
grown under the program, In which the excellent diameter control (< t 2 min) 
has been achieved. Information concerning the growth processes, and physical 
and electrical characteristics for these Intentionally-doped LEC Ingots 
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MRDC82-20367 



Fig. 1 Three inch diameter Se-doped LEC GaAs crystal (R45/M) grown on 
NASA program. The tolerance of the diameter control is better 
than ± 2 mill imeters . 
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(3 n-type and 2 p-type) are summarized in Table 1. The results show that 
considerable progress was made during the program with respect to minimizing the 
concentration of background Impurities, Increasing mobility and minority carrier 
diffusion lengths, and minimizing the dislocation density. In most of these 
crystals, the background Impurities concentration JN D ♦ N A ) and the dislocation 
density were lower than 1 x 10 16 cm“ 3 and 1.5 x io cm"*, respectively. 
Furthermore, the dislocation density In selected areas of some crystals was 
lower than the 5000 cm"^ level. These values are the lowest reported for 3-1n. 
doped LEC crystals. Good minority carrier diffusion lengths, as high as 1.4 urn 
In one of these doped crystals were also observed; however, the diffusion length 
up to 5.3 pm could be obtained In the p-type undoped LEC GaAs grown from the Ga- 
rlch melt. This result will be discussed later In this report. In addition, 
the radial dopant distribution across 3- 1 n . diameter wafers was below ± 10v 
variations In most of the crystals. These overall properties are comparable. If 
not superior to those of commercial Bridgman material. 

As a result of the progress attained during the NASA program, we, at 
MRDC, are now capable of reproducibly growing large, 3-in. diameter, (100) doped 
LEC GaAs single crystals with high purity, low dislocation density, high mobil- 
ity, radial uniformity, and long minority carrier diffusion length. This capa- 
bility Is an extremely encouraging development for GaAs solar cell technology, 
since these high quality, large-area substrate materials will provide an excel- 
lent foundation for the production of efficient, cost-effective solar cells. 

In this report, experimental results obtained on the NASA "Growth and 
Characterization of Czochral ski -Grown n- and p-type GaAs for Space Solar Cell 
Substrates" program are presented and discussed. In Section 2.0, the mater- 
ials synthesis, growth and doping techniques are outlined. In Section 3.0, 
the various techniques used to characterize the lattice defects, background 
Impurities, and electrical properties are discussed. The cause-effect 
relationships between the crystal growth process and material properties are 
discussed in Section 4.0 The results are summarized and evaluated with 
respect to solar cell applications In the last section. 
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2.0 MATERIALS SYNTHESIS, GROWTH AND DOPING TECHNIQUES 

In this section, the processes Involved In the materials synthesis, 
growth and doping of LEC GaAs are described. 

2.1 Growth Configuration 

All crystals were grown In Rockwell International's Melbourn high- 
pressure LEC system at the Thousand Oaks MRDC laboratory. The configuration 
of the LEC system, shown schematically In Fig. 2, consists of a GaAs melt con- 
tained In either a high purity, 6 Inch diameter quartz (Metals Research) or 
pyrolytic boron nitride (Union Carbide) crucible. The boric oxide {B 2 O 3 ) 
encapsulant floats on the top surface of the melt. In addition, a thin film 
of B 2 O 3 coats the entire surface of the crucible due to the high- temperature 
wetting characteristics of the materials. The B 2 O 3 also wets the growing 
crystal. Thus, the GaAs melt Is completely sealed, suppressing As evaporation 
and shielding the melt against contamination from the crucible and the growth 
ambient. 


2.2 Growth Process 

The major steps In the crystal growth operation Included loading of 
the charge, heat-up, synthesis, equilibration, seeding, necking, cone growth, 
and pulling of the full -diameter Ingot. The crucible was loaded with approxi- 
mately 1400 g 6-9's Ga (Ingal International), 1500 g 6-9's As (Comlnco), and a 
500 g preformed B 2 O 3 disk (Puratronlc) with a known moisture content (typi- 
cally [H 2 O] < 500 ppm) as shown In Fig. 3. Ga, which Is solid to just above 
room temperature, was loaded on top of the As so that the liquid Ga served to 
encapsulate the As. Starting with a chamber pressure of 600 psi, the crucible 
was heated to between 450 and 500°C, at which point the B 2 0 3 melted, flowed 
over the charge of Ga and As, and sealed at the crucible wall. The synthesis 
reaction (Ga^^q + A s sol ^ * GaAs sn1id ) occurred at about 800°C. The pres- 
ence of the B 2 O 3 and the use of high overpressures (~ 1000 psi) prevented 
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Fig. 2 Cross section of the crucible for the LEC growth system showing the 
location of the B2O3 during growth. 
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Fig. 3 Cross section of the LEC crucible before growth showiny the charge of 
elemental Ga and As and the preformed B2O3 disc. 
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significant loss of As due to subllmlnatlon during and subsequent to synthe- 
sis. The melt was then equilibrated at the starting temperature and the 
growth procedure begun. 

Growth was Initiated by dipping the seed, which was held on the pull 
shaft, through the B 2 O 3 and Into the melt. The crystal was grown by gradually 
withdrawing the seed from the melt. At first, the diameter of the crystal was 
reduced to be below that of the seed. This procedure Is referred to as Dash- 
type seed necking. The diameter was then allowed to expand control 1 ably, 
forming the "cone". Expansion was terminated at the shoulder, and the di- 
ameter of the crystal was held constant for the remainder of the growth pro- 
cess, forming the "body". The shallow 30° cone was grown in all crystals (the 
cone angle is defined as the angle between the surface of the cone to the 
plane perpendicular to the growth direction.) 

/ 

The diameter of the crystal was controlled by manual operation by 
monitoring the differential weight signal. This signal was obtained from the 
"load cell", a special weighing device on which the crystal and pull shaft are 
mounted In the LEC system. An increase or decrease of the differential weight 
indicates a corresponding increase or decrease in the diameter. The crystal 
diameter was controlled by varying the heater temperature and the cooling rate 
in response to changes In the differential weight signal. 

The crystals were grown in the <100> direction. The weight ranged 
from 2.2 to 2.4 kg. The ambient pressure (argon) during growth was typically 
300 psi. The seed and crucible were both rotated counter-clockwise at 6 and 
15 rpm, respectively. 

2.3 Doping Methods 

The choice of dopants for a particular crystal growth depends on a 
number of factors ranging from the ultimate application of the material in a 
device to the specific physical -chemical conditions in the crystal growth 
apparatus. The dopants chosen for LEC growth of n-type and p-type GaAs should 
meet the criteria of ^ segregation coefficient ( 1 ,e . , k 0 < 1 ), low self- 
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compensation, and high physical stability (e.g., low vapor pressure). Zone- 
refined SI and high purity Ga 2 Se 3 were used as sources of SI and Se dopants 
for n-type material, and p-type material was obtained by doping with Zn as 
Zn 3 AS 2 * The carrier density ranged from 1 x io 17 to 1 x io * 9 cm"'*. Super dry 
b 2®3 < * 50 ppm * was used * n SI -doping growth to Increase Its doping 

efficiency. Very low carrier density n- and p-type Ingots were grown under the 
previous NASA contract (No. NAS3-22224). N-type doping below 1 x 10 17 cm -3 
was achieved without adding doping by controlling the Si Incorporation result- 
ing from the reaction of the quartz crucible with somewhat wetter B 2 O 3 encap- 
sulants (e.g., [H 2 O] < 500 ppm). The p-type LEC GaAs crystal s^* 3 with hole 
concentrations around ~ 1 x 10^ cm -3 were grown from undoped Ga-rich melts 
using a PBN crucible. 
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3.0 CHARACTERIZATION TECHNIQUES 

This section briefly reviews the analytical techniques used to char- 
acterize the LEC GaAs material In terms of lattice defects, chemical Impuri- 
ties and electrical properties. 

3.1 Lattice Defects 

The following Is a list of brief descriptions of techniques used to 
characterize lattice defects In the LEC material, Including dislocations, 
twins, dislocation loops, stacking faults, Interface strlatlons and inclu- 
sions, etc. 

3.1.1 Preferential Chemical Etching 

The crystalline perfection of the LEC crystals was evaluated by de- 
termining the density and distribution of dislocations. Dislocations act as 
recombination centers and reduce the minority-carrier lifetime. The disloca- 
tion densities of (100) wafers were measured by etching polished wafers in KOH 
for 25 min at 400°C. This etch preferentially attacks dislocations that 
Intersect the surface of the wafer. The density of etch pits (EPD) corres- 
ponds directly to the density of dislocations. 

3.1.2 Transmission Electron Micr os copy (TEM) 

TEM measurements were used to examine the microstructures of the 

doped LEC GaAs crystals. A chemical jet etching technique using 10 HC1 : 1 
H 2 O 2 : 1 H 2 O etching solution was applied to produce TEM thin foil with thick- 
ness less than 4000 A. The thin foils were then examined by a Philips EM-300 
microscope operated at 100 kV. 

3.1.3 Infrared (IR) Microscopy 

Since GaAs Is known to be transparent to infr d red light, a microscope 
using the infrared light source can be used to examine lattice defects. In 
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this study, the IR microscope was used to examine precipitates, Ga-lncluslons, 
doping strlatlons, and dislocations In both n- and p-type LEC GaAs samples. 

3.2 Impurity Characterization 

The Secondary Ion Mass Spectrometry (SIMS) technique was used to 
analyze background Impurities In the doped LEC materials. SIMS measurements 
were made at Charles Evans and Associates, San Mateo, CA. This Is a chem- 
ically specific micro-analytical technique particularly well suited for tran- 
sition metals and shallow donors In GaAs. The system Is calibrated against 
Ion Implanted standards. The typical background detection sensitivity (the 
concentration below which measurements are not meaningful) of the Impurities 
analyzed during this program are given in Table 2. Although the detection 
sensitivity Is very low for Impurities given in the table, making SIMS an 
excellent tool for the characterization of GaAs, the measured impurity con- 
centration of an element in LEC GaAs Is often close to the background 
sensitivity. Since the background sensitivity can vary from day to day (as 
Indicated in the table), the background sensitivity was checked against a high 
purity standard before these analyses were made. 


Table 2 

Typical Background Detection Sensitivity of Impurities 
Detected in LEC GaAs 


Element 

Si 

S Se 

Te 

B 

Mg 

Cr 

Mn 

Fe 

Background 

3E14- 

2-8E14 3E12 

3E13 

5E13- 

1-2E14 

1-5E14 

3E14- 

1-5E15 

Detection 

1E15 



5E14 



IE 15 


Sensitivity 









(cm* 3 ) 
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3.3 Electrical Measurements 

Hall effect measurements and Electron Beam Induced Current (EBIC) 
measurements by Scanning Electron Microscopy (SEM) were used to determine 
electrical properties for n- and p-type LEC GaAs crystals. 

3.3.1 Hall Effect Measurements 

The free carrier concentration and mobility for n- and p-type LEC 
GaAs crystals were determined by Hall effect measurements at room temperature 
using Van der Pauw technique. The samples with a typical size of 7 mrt * 7 nri 
were cut from the cone top, front, middle and tail wafers along the LEC crys- 
tals. GalnZn (or AuZn) and InSn alloys were used for ohmic contacts on p- and 
n-type samples, respectively. The radial carrier concentration distributions 
on the 3 Inch diameter wafers were determined by the measurements across the 
full diameter along <110> direction on the wafers. 

3.3.2 SEM-EBIC Diffusion Len gth Measurements 

Hole and electron diffusion lengths for n- and p-type LEC GaAs crys- 
tals were determined by the SEM-EBIC technique. In this technique, the 
electron beam of a scanning electron microscope (SEM) is used to generate mi- 
nority carriers which are collected by a Schottky diode. The Schottky diodes 
were fabricated by evaporating TIAu layers on both n- and p-type samples. The 
samples were cleaved through diodes. The measurements were made by scanning 
the electron beam (20 keV) along the cleaved face underneath a diode. The 
electron beam Induced current (EBIC) was recorded as a function of distance 
from the Schottky barrier, as shown In Fig. 4 (a semi-log plot). The hole (or 
electron) diffusion length was determined from the Inverse of the slope of the 
plot, l.e., (dlnl/dX)" 1 In Fig. 4. 
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4.0 RESULTS AND DISCUSSION 

The results of crystallographic. Impurity and electrical studies 
undertaken on n- and p-type LEC GaAs are described in this section. 

4.1 Lattice Defect Studies 

In this subsection, the lattice defects observed In n- and p-type LEC 
GaAs crystals will be presented In terms of dislocations, microstructures, 
dopant strlatlons, and peripheral Ga-lncluslons, respectively. The growth 
parameters responsible for dislocation density reduction as well as the 
mechanisms responsible for the dopant striations and peripheral Ga-inclusions 
will be discussed. 

4.1.1 Dislocations / 

The results of dislocation studies of the front and tail of the NASA 
ingots are summarized in Table 3. In general, the measured EPD distributions 
across the full diameter of wafers follow a "W-shaped" profile. The average 
EPD increases from front to tail. These results are consistent with those ob- 
served in undoped LEC GaAs. 7 Note that the average EPD from the center and 
ring regions is essentially indicative of the entire wafer as these two 
regions account for over 75 % of the area of the wafer. 

As shown in Table 3, significant reductions in dislocation density 
were achieved at the front of two Se-doped ingots (R45 and R46) ([Se] > 

1 x io 17 cm' 3 ) as compared to the EPD results of one of our typical undoped 
LEC GaAs ingots (R38) using similar growth parameters. In general, the higher 
Se-doping results in greater dislocation reduction. An EPD value as low as 
5000 cm' 2 achieved in the large annular area of the front wafer of the ingot 
(R46) with [Se] = 3 x 10 18 cm' 3 . Some reduction in dislocation density was 
also observed at the tail of these Se-doped ingots. 

It is known that a principal cause of dislocations in bulk GaAs crys- 
tals is stress induced by thermal gradients during crystal growth. The use of 


14 

C4687A/bw 



ORIGINAL PAGL' IS 

OF POOR QUALITY 



Rockwell International 


MRDC40192.35FR 


Table 3 

S unwary of Dislocation Studies of n- and p-Type Crystals Grown 


Under a Variety of Conditions 


Sample No. Crucible Dopant Carrier Density 

(cm* 

EPD {cm" 2 )*** 

(1) Ring (2) Center) (3) Edge 

F* 

R38 PBN None Semi Insulating 

T* 

1.1 x 10 4 2.0 x 10 4 1.1 x 10 5 

1.5 x 10 5 2.5 x 10 5 1.7 x 10 5 

F 7.5 x 10 17 

R43 Quartz Si 

T 1.8 x 10 18 

1.5 x 10 4 4.4 x 10 4 9.1 x 10 4 

5.2 x 10 4 1.5 x 10 5 2.0 x 10 5 

F 6.0 x 10 16 

R45 Quartz Se 

T 1.0 x 10 17 

9.0 x 10 3 3.0 x 10 4 9.8 x 10 4 

9.0 x 10 4 1.4 x 10 5 1.1 x 10 5 

F** 2.9 x 10 18 

R46 Quartz Se 

T** 8.9 x 10 18 

5.0 x 10 3 1.1 x 10 4 9.4 x 10 4 

6.1 x 10 4 1.2 x 10 $ 1.7 x 10 5 

Ft 2.6 x 10 18 

R47 Quartz Se 

Tt 3.3 x 10 18 

1.4 x 10 4 6.5 x 10 4 2.0 x 10 5 

1.6 x 10 4 7.4 x 10 4 1.2 x 10 5 

F 3.9 x 10 17 

R50 Quartz Zn 

Ttt 5.9 x 10 17 

1.3 x 10 4 4.3 x 10 4 6.0 x 10 4 

3.3 x 10 4 3.5 x 10 4 1.1 x 10 5 


* Grown under NASA Contract NAS3-22224 
** Grown under Rockwell I RAD 

*** Each number represents an average of at least two measurements 
t Thick B 0 O 3 layer (~ 35 mm) used 
tt Slow puTl-free process 
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a thick B 2 O 3 layer In LEC growth reportedly reduced the thermal gradient at 

Q 

the growth Interface , 0 favoring further dislocation reductions In the Ingot. 
However, no further reduction of the dislocation density (see Table 3) was 
achieved In one of the Se-doped ingots (R47, [Se] ~ 3 * 10 1R cm -3 ) using a 
thick B 2 O 3 layer (~ 35 nm thick as compared to regular 17 m) , although a 
dislocation density of less than 5000 cm -2 was observed at several locations 
(<110> ring areas) In the front of the Ingot. Our expectations of lowered 
dislocation densities were not met because of severe diameter fluctuations en- 
countered using thick B 2 O 3 as a result of the shallow radial temperature 
gradients. Diameter fluctuations Increased the EPD and compensated the effect 
of the thick B 2 O 3 layer. Finally, It Is important to note that essentially no 
increase In EPD values was observed from the front to tail of this ingot, 
indicating seme effects from the thick B 2 O 3 layer. 

It has been reported'* that "dislocation-free" GaAs crystals can be 
grown by the Bridgman technique by doping with Si above the 2 \ 10 19 cm -3 
level. However, no significant reduction of the dislocation density was 
observed in Si-doped crystals at Impurity levels up to 2 * 10 lfi cm" 3 . Our 
result can be explained by the fact that the viscosity of the B 2 O 3 encapsulant 
decreased as a result of the dissolution of the elemental Si during the heatup 
cycle . 10 A decrease of viscosity increased the convective heat transfer from 
the crystal to the encapsulant, increasing the radial gradient and the 
dislocation density. We believe that the use of presynthesized, pre-Si-doped 
GaAs In the LEC puller would prevent pickup of Si by the B 2 O 3 and enable 
significant reduction of the dislocation density. 

Finally, no reduction of the dislocation density was observed in Zn- 
doped crystals with impurity levels up to 1 * 10 19 cm" 3 . However, a substan- 
tial reduction In the dislocation density was achieved at the tail of low Zn- 
doped crystal R50 (~ 3.5 x 10 4 cm"^) by the use of a slow pull -free process, 
as shown In Table 3. In contrast to the normal pull -free process used to 
terminate growth, which Involved the rapid pulling of the crystal from the 
melt, the improved process Involves a gradual reduction of the diameter, 
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followed by lowering of the crucible. The new process essentially reduces the 
thermal shock experienced by the crystal during termination. 

4.1.2 TEM Microstructures 

In general, TEM microstructures were free of stacking faults, low- 
angle grain boundaries and dislocation loops In all of the undoped LEC GaAs 
Ingots. The S1»(n ~ 2 x 10^ 8 cm"®) and Zn • ( p ~ 1 * 10^® cm"®) doped crystals 
were free of distinguishing features such as stacking faults as well. How- 
ever, stacking faults and dislocation loops were observed In Se-doped material 
at Impurity levels above about 1 x 10 18 cm"®, as shown in Fig. 5. Our 
results, summarized in Table 4, are consistent with work reported for high 
quality Bridgman material. 


Table 4 

Sunmary of TEM Studies of n- and p-Type Crystals 


Sample No. Dopant Carrier Concentration 

(cm - ®) 

Stacking Fault 
(or Dislocation Loop) 

Density Size 

(cm - ®) 

R38F* None ~ 10 7 

(Semi-Insulating) 

0 

R43T Si 1.8 x 10 18 

0 

R45T Se 1.0 x 10 17 

0 

R44Ft Se 1.0 x 10 18 

- 5 x 10 10 2000 A 

R46Tt Se 9.0 x io 18 

~ 2 x 10 12 7000 A ~ 1.2 urn 

R48F Zn 8.0 x 10 18 

0 


♦Grown under NASA contract NAS3-22224 
tGrown under Rockwell IR&D 
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Fig. 5 


Bright field TEM micrograph of Se-doped GaAs ('7 x 10*® cm" 3 ) 
showing defects produced at high doping levels (see text). 
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4.1.3 Doping Striations and Peripheral Ga-Inclusions 

Compositional Inhomogeneities, or strlatlons, are a well-known fea- 
ture of crystals grown by the Czochralski technique. These Inhomogeneities 
arise due to fluctuations In the microscopic growth rate or the thickness of 
the diffusion boundary layer. Fluctuations of the growth rate and boundary 
layer thickness can result from a variety of causes, Including convection in 
the melt, crystal rotation in a thermally asymmetric environment, and mechani- 
cal vibrations in the crystal pulling mechanism. Despite some of the poten- 
tially adverse effects of striations in crystals on the electrical properties 
of the material, they can be a useful means for studying the crystal growth 
process. 

We have used infrared (IR) microscopy to reveal striations in our Si, 
Se, and Zn doped crystals. The pattern of the striations was used to evaluate 
the interface shape in the cone region of the crystals (the striations are 
essentially parallel to the growth interface). 

Figure 6 depicts the change in interface shape during the growth of 
the cone of a crystal as determined by IR studies of the dopant striations. 
Micrographs of strlatlons in selection regions are also shown. Several impor- 
tant features can be seen in this figure. First, since the interface is iso- 
thermal, the interface shape shows the direction of heat flow during growth 
because heat flows perpendicular to isotherms. The interface near the seed is 
nearly flat, Indicating heat flow by conduction up the seed. As the diameter 
of the crystal increases, the interface becomes convex with respect to the 
solid. About halfway through the growth of the cone, some concave curvature 
develops near the edge of the crystal, indicating that some heat is actually 
flowing out to the B 2 O 3 . By the time the crystal reaches full diameter, the 
curvature of the interface is convex in the central region and concave near 
the edges. The curvature at this point is pronounced. This tells us that 
when the crystal reaches full diameter and the length of the crystal exceeds 
the thickness of the B 2 O 3 , the heat flow at the interface is predominantly due 
to conduction up the crystal, with some convective heat loss to the B 2 O 3 . 
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(b) (c) (d) 


Fig. 6 Infrared micrograph showing dopant striations and interface shape 
in cone of n-type ingot. The striations are "rotational" and are 
probably caused by fluctuations in microscopic growth rate. The 
interface shape, determined from the morphology of the striations 
across the crystal, becomes progressi vely more convex in the central 
region of the crystal and more concave near the edges. 
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The morphology of the strlatlons also tells us something about the 
growth conditions. The strlatlons are predominantly parallel to each other. 
Also, the measured Interstrlatlon spacing (2.4 * 10" 2 mm) Is In agreement with 
the calculated value, assuming one strlatlon Is produced per rotation of the 
crystal. Therefore, It can be concluded that the strlatlons are of the so- 
called "rotational" class (as opposed to nonrotatlonal ) , Indicating that they 
are due to variations of the microscopic growth rate across the Interface as 
the crystal rotates In a thermally asymmetric environment. 

Finally, two other observations are of Interest. First, the curved 
white lines seen In the background of Fig. 6a are believed to be dislocation 
lines, and we are currently Investigating these structures In more detail. 
Second, we have found that IR microscopy can reveal Ga Inclusions, snown In 
Fig. 7, that form at the periphery of the crystal during post-growth cooling. 
The vertical ''tracks" above each inclusion apparently mark the trail of the Ga 
as It thermally migrated Into the crystal. 

4.2 Impurity Characterl zatlon 

The results of Impurity characterization, including background im- 
purities, and longitudinal and radial dopant distribution in the doped LEC 
crystals will be presented In this subsection. The effective segregation 
coefficients for SI, Se and Zn will be determined, and the possible mechanism 
responsible for "W"-shaped radial dopant distribution will be discussed. 

4.2.1 Background Impurities 

The SIMS analysis of the n- and p-type LEC GaAs crystals Is sum- 
marized In Table 5. The typical total concentration of background donors and 
acceptors Is about 1 * 10 16 cm* 3 . The background Impurity concentration Is 
comparable to that of high-purity, undoped LEC GaAs crystals, as well as un- 
doped Bridgman-grown GaAs crystals, as Indicated In Table 6. It is of inter- 
est to note that boron In Si-doped LEC GaAs crystals can be two to three 
orders of magnitude higher (Increasing from typically low 10* 6 (undoped) to 
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Fi o . 7 Infrared micrograph taken at the edge of a doped crystal in the 

cone showing inclusions and "tracks" of the inclusions left as they 
migrated into the crystal from the surface. 
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low 10^ cm"-* (R43)) than in Bridgman material, as shown in Table 6 . Si 
dissolution in B 2 O 3 could be responsible for this behavior. However, B is an 
isoelectronic impurity in GaAs, and no indication of the electrical activity 
of B in GaAs has been observed. 


Table 5 

SIMS Analysis of Chemical Impurities in Doped LEC GaAs 

] - - - -- - 

Impurity Concentration (cnT~ > ) 


Sample 

No. 

Crucible 

Dopant 

Si 

Se 

Te 

S 

Mg 

Cr 

Mn 

Fe 

B 


F 


Si 

lel 8 

<el4 

<e!4 

4el4 

4el4 

4el4 

2el5 

4el5 

2el9 

R43 


Quartz 












T 


Si 

3el8 

<el4 

<el4 

lei 5 

8el4 

5el4 

2el5 

7el5 

6el9 


F 


Se 

5el5 

2 el 6 

<el4 

3el4 

<el4 

3el4 

4el4 

2el5 

2 el 6 

R45 


Quartz 












T 


Se 

_ _J 

9el5 

7el6 

<el4 

5el4 

<el4 

2el4 

3el4 

2el5 

6 el 6 


F 


Se 

7el5 

lel9 

<el4 

5el5 

lel4 

3el4 

lei 5 

lel5 

8 el 6 

R47 


Quartz 












T 


Se 

lel 6 

lel9 

<el4 

6el5 

le!4 

2el4 

6el4 

lel5 

lel7 


F 


Zn 

2 el 6 

<el4 

6el4 

2el5 

lel4 

3el4 

3el4 

2el5 

3el6 

R50 


Quartz 












T 


Zn 

le !6 

<e!4 

<e!4 

6el4 

<e!4 

3el4 

3el4 

2el5 

6 el 6 


1 
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Table 6 

Comparison of Background Impurity Levels In IEC and Bridgman GaAs 
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4.2.2 Dopant Distribution 

Longitudinal (along the crystal growth axis) and radial dopant 
densities were determined from profiles of the free carrier concentration 
across the top (cone), front, middle and tail wafers of LEC ingots. As 
described in Section 3.3.1, room temperature Hall effect measurements were 
used to measure free carrier concentration. 

4. 2. 2.1 Longitudinal Dopant Distribution and Effective Segregation 

Coefficient 

The longitudinal distribution of the free electron and hole concen- 
tration in n- and p-type 3 inch LEC GaAs ingots are summarized in Tables 7 and 
8, respectively. As shown in these tables, free carrier concentrations (e.g., 
dopant concentrations) always increase from the (cone) top to tail of ingots 
regardless of the dopant. Chemical analysis of the longitudinal distributions 
of SI and Se by SIMS (Table 5) agree with the electrical measurements. 

It is known^ that when a crystal is grown from a melt by progressive 
freezing from one end, e.g., by the Czochral ski process, and the liquid phase 
contains a uniformly distributed impurity, then the incorporation of the 
impurity into the solid can be described by 

C = C 0 k 0 (l - g) k o _1 (1) 

where C is the impurity concentration in the solid, C Q is the initial impurity 
concentration, k Q is the equilibrium segregation coefficient, and g is the 
fraction of the melt solidified. Taking the logarithm of each side of Eq. (1) 
yields 


log C = log C Q k 0 + (k Q - 1) log (1 - g) . (2) 

A plot of log (free carrier concentration) vs log (1 - g) yields a straight 
line with a slope of k 0 - 1. 
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The segregation coefficients, k 0 , for Si, Se or Zn along the NASA LEC 
GaAs crystals were determined by the above analysis using corresponding values 
of g and C (free electron or hole concentration) for each crystal (See Tables 
7 and 8 , and Fig. 8 ). Values of 0.19, 0.52 and 0.47 were determined for the 
segregation coefficients for Si, Se and Zn, respectively. For comparison, we 
also estimated the equilibrium segregation coefficient for the dopant from the 
melt to the crystal, k^, by taking the ratio of the free carrier concentration 
at the cone- top to the added dopant concentration. As shown in Table 9, these 
estimated k^ values are close to our calculated k Q values except for the 
dopant Si, which shows a tremendously lower k^ value. This effect is due to 
the severe Si-dopant loss to the B 2 O 3 encapsulant as discussed in Section 
4.1.1. Our experimental values of k Q and k' are consistent with published 
data for both LEC 12 and non-LEC 13 GaAs crystals as shown in Table 9. 



Table 7 


Free Electron 

Profiles along 

n-Type LEC GaAs 

Wafer No. 

Averaged 

Dopant Electron Density 

(cm -3 ) 

R43 Cone Top 

Si 

6.2 x 10 17 

Front 

Si 

8.0 x 10 17 

Tail 

Si 

OO 

rH 

O 

rH 

X 

00 
• 
r— « 

R45 Cone Top 

Se 

5.8 x 10 16 

Front 

Se 

6.0 x 10 16 

Mi ddl e 

Se 

7.6 x 10 16 

Tail 

Se 

1.1 x 10 17 

R47 Front 

Se 

2.6 x 10 18 

Tail 

Se 

3.3 x 10 18 
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Fig. 8 Determination of equilibrium segregation coefficient by plotting log 
C as a function of log (1-g). 
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Table 8 

Free Hole Density Along p-Type LEC GaAs 


Wafer No. 

Dopant 

Averaged 
Hole Density 



(cm‘3) 

R48 Cone Top 

Zn 

6.2 x 10 18 

R50 Cone Top 

Zn 

3.7 x 10 17 

Front 

Zn 

3.9 x io 17 

Tail 

Zn 

6.4 x 10 17 


4. 2. 2. 2 Radial Dopant Distribution 

Figure 9 shows the radial dopant profiles across 3 inch diameter 
wafers from the front and tail of Si- and Se-doped LEC ingots. The profiles 
are essentially "W"-shaped in these wafers. In general, the lower dopant 
variations {< ± 10%) were observed in the tail wafers as compared to those 
(~ + 15%) of the front wafers. Similar "W"-shaped profiles were also observed 
in Zn-doped LEC ingots. 

The origin of the "W"-shaped profiles could be associated with varia- 
tions across the solidification front of the diffusion boundary layer thick- 
ness. The boundary layer thickness variations presumably are due to convec- 
tive melt flows. The basic flow pattern in the melt in our crystal growth 
configuration, projected from the work of Carruthers and Nassau, 1 ^ is divided 
Into two separate non-mixing cells. One cell lies beneath the crystal, as 
shown In Fig. 10. Outside this cell, the liquid rotates as an almost solid 
body. Because we use isorotation, with crucible and crystal rotation rates of 
15 and 6 rpm, respectively, the liquid within the central cell is expected to 
spiral vertically at the outside and fall in the center, as Indicated in the 
figure. This flow pattern could give rise to local maxima in the boundary 
layer thickness near the center and edge of the crystal. Basic segregation 
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Fig. D Dopant profiles across 3-in. LEG wafers. 
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Fig. 10 Convective flow pattern In the melt that could lead to a "W"- shaped 
dopant profile across the crystal diameter. 
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theory shows 15 that the dopant concentration Increases as the boundary layer 
thickness Increases for Impurities, such as SI, Se, and Zn In GaAs, which have 
distribution coefficients (k Q ) less than 1. Therefore, the "W"-shaped dopant 
profiles were observed In S1-, Se- or Zn-doped LEC GaAs Ingots. Further, the 
lower dopant variations observed In the tall wafers are probably due to the 
change of convection flow pattern Induced by the lowering of melt height at 
the end of the crystal growth. 

4.3 Electrical Properties 

In this subsection, the results on the free carrier mobility and the 
minority carrier diffusion length will be presented. The effect of clsloca- 
tion density and EL2 concentration on the diffusion length will be discussed. 

4.3.1 Mobility 

The dependence of the electron mobility on the free carrier concen- 
tration of LEC material is shown in Fig. 11. The Se-doped LEC samples have 
mobilities ranging from 4100 to 1700 cm^/v-s corresponding to electron densi- 
ties of 6 x 10 15 to 4 x 10 1 ® cm -5 . A slightly lower moblity Is observed for 
the Si-doped samples with similar electron densities indicating higher com- 
pensation. The mobilities for the samples with electron densities lower than 
~ 6 x IQ 15 cm"® are also shown in Fig. 11. These samples were grown from 
quartz crucibles without intentional doping (Si-contamination from the quartz 
crucible). As shown in Fig. 11, the mobility curves show a peak and a valley 
at an electron density of ~ 8 x io 15 and 2 x io 16 cm"® respectively, Indicating 
significantly higher compensation in samples with electron densities below ~ 2 x 
10 16 cm"®. This higher compensation Is probably due to background Impurities or 
native defects In LEC GaAs Ingots. Furthermore, our mobility results are con- 
sistent with statistical analysis of hundreds of crystals grown by conventional 
bLlk-grown methods reported recently by Mullin £t aK 1 ^ In addition, a compar- 
ison of our results with the theoretical mobility-electron concentration 
relationship for GaAs Indicates that our material is characterized by low 
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Fig. 11 Electron mobility as a function of electron concentration In n-type 
GaAs. Our results are very similar to a statistical analysis of 
samples reported by Hull In et al. 12 
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compensation ratios (0.3 to 0.4) consistent with the statistical behavior of 
other bulk GaAs materials. 12 

Generally high hole mobilities were observed for the p-type LEC GaAs, 
as shown In Fig. 12. Hole mobilities as high as 320 cm 2 /V-s (for hole concen- 
tration ~ 1 x 10 16 cm"3) were observed for the LEC material grown from undoped 
Ga-rlch melt using a PBN crucible. Mobilities as high as 210 cm 2 /V-s were 
observed for the Zn-doped material with ~ 4 x lO 1 ^ cm - " 1 hole concentration. 

Ell lott et^ aK 1 ^ at Rockwell MRDC have explained the p-type conduction of the 
undoped LEC GaAs in terms of the 77 meV acceptor. The origin of this acceptor 
is probably the Ga As anti site defect. These results show that the mobility of 
the p-type LEC GaAs Is comparable to commercial Bridgman-grown GaAs, as shown 
In Fig. 12. 

4. 3. 2 Minority Carrier Diffusion Length 

Good hole diffusion lengths (as high as 1.4 pm) were measured in n-type 
(Se- or Si-doped) LEC GaAs crystals, as shown in Fig. 13. The measured values 
are comparable to those of n-type bulk GaAs grown by conventional methods 
reported by Sekel i et^aK 1 ^ As shown in Fig. 14, the electron diffusion length 
was also determined for p-type LEC GaAs crystals. For samples grown from Ga- 
rlch melt in a PBN crucible (hole densities ~ 1 * 10 16 cm"^), a diffusion length 
as long as 5.3 pm was observed. This value is exceptionally high for bulk GaAs, 
and actually compares favorably with diffusion lengths (~ 8 pm) reported for p- 
type, high-purity MOCVD and LPE layers. 6. 18 However, much lower electron 
diffusion lengths (0.37 to 0.70 pm) were observed for Zn-doped LEC crystals 
which had hole densities from 4 x lO 1 ^ to 8 x 10 1 ® cnf^. 

4.3.3 Effect of Dislocation Density and EL2 Concentration on Diffusion 

Lengths 

Dislocations in GaAs can act as minority carrier recombination cen- 
ters, adversely effecting the performance of minority carrier devices, such as 
solar cells. Figures 15 and 16 show plots of the minority carrier diffusion 
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Hg. 1? Hole mobility as a function of bole concentration in Zn-doped and 
undopcd p-type Ga/s. The parameters of the I.FC material are 
comparable to Rr.'Joman material . 
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Fig. 14 Minority carrier diffusion length In p-type material as a function of 
the hole concentration. 
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Fig. 15 Minority carrier diffusion length In n-type material as a function of 
the dislocation (etch pit) density. The diffusion length Is 
Independent of the dislocation density over the range Indicated. 
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Fig. 16 Minority carrier diffusion length in p-type material as a function of 
the etch pit density. The diffusion length is Independent of the 
dislocation density over the range indicated. The relatively short 
diffusion length in the Zn-doped material could be done in part to 
the high concentration of FI.?, which behaves as an electron trap (see 
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length versus the dislocation density for n- and p-type LEC GaAs, respec- 
tively. Both hole and electron diffusion lengths do not depend on dislocation 
density for densities ranging from 5 x 10 8 to 5 x 10 5 cm -8 observed in these 
materials. This conclusion is consistent with the argument that the distance 
between dislocations (e.g., 15 ~ 150 pm for 5 x 10 8 ~ 5 x 10 8 cm' 8 EPO) Is 
much longer than the diffusion length {e.g., 0.4 ~ 5.3 pm). 

As shown in Fig. 14, the diffusion length in Zn- doped crystals is 
approximately a factor 5 lower than in undoped, Ga-rich LEC crystals. It has 
been reported that the electron diffusion length is relatively constant for 
both p-type LPE 18 and bulk^- 9 GaAs with carrier concentrations below 1 * 10* 8 
cm . Therefore, the substantial difference between the Zn- doped and the 
undoped material can probably not be completely accounted for in terms of the 
difference in hole concentration. The results shown in Fig. 14 indicate that 
some minority carrier trapping centers are possibly responsible for the reduc- 
tion of diffusion length observed in Zn-doped LEC material. Figure 17 shows a 
plot of electron diffusion length as a function of arsenic atom fraction in 
the melt corresponding to the growth conditions of the Ga-rich and Zn-doped 
LEC material. Vie have reported 8,8 that formation of deep donor trapping 
center EL2 is controlled by the melt stoichiometry. The EL2 concentration 
increases as the As atom fraction in melt increases as indicated in Fig. 17. 
Since these Zn-doped crystals were grown under near stoichiometric conditions, 
higher EL2 concentrations were present in these crystals, probably accounting 
for the lower diffusion lengths. 

Finally, our results indicate that bulk n- or p-type material 
intentionally doped to any level would have the highest electron diffusion 
length when grown under Ga-rich conditions. Furthermore, work should be 
pursued in this area. 
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Fig. 17 Comparison between the dependence of the electron diffusion length In 
p-type material and the EL2 concentration on the melt 
stoichiometry. The decreasing diffusion length corresponds to an 
Increasing EL2 concentration, Indicating the role of EL2 as an 
electron trap In t*e Zn-doped material. 
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5.0 SUMMARY 

Important milestones have been achieved on the NASA "Growth and 
Characterization of Czochral ski -Grown n- and p-type GaAs for Space Solar Cell 
Substrates" at MRDC. First, It has been shown that the average dislocation 
density throughout the entire central region (defined by about 80% of the 
diameter) of 3-1n. wafers can be controlled to a value below 1 x 10* cnf^. 

The dislocation density In selected regions can be as low as 5000 cnf^. This 
result 1i achieved by using Se-doping and optimal growth parameters for dis- 
location density reduction developed in this program and investigated for pre- 
viously undoped LEC crystals. These results represent a substantial improve- 
ment over commercial 2-in. diameter LEC material, which typically has a dis- 
location density higher than 5 x 10* cm"^. Our results also show that the 
slow pull -free process and the use of thick B 2 O 3 encapsulant layer are effec- 
tive In reducing the dislocation multiplication towards the tail of the 
crystal . 

Second, it was shown that the concentration of background impurities 
In the doped LEC material can be reduced to the level of 7 x 10 15 cm"® through 
proper control of the material synthesis, growth and doping conditions. This 
purity Is consistent with that of undoped LEC GaAs reported in the previous 
NASA final report, Indicating the doping technique used in the program did not 
Induce additional electrical -active centers in the crystals. The studies of 
radial dopant distributions also showed good dopant uniformity was achieved in 
our LEC crystals. Dopant variations are typically within + 15% of the average 
concentration across 3-1 n. wafers. These results are comparable, if not 
superior to that of commercial Bridgman material. 

Third, our experimental results have also shown that excellent elec- 
trical properties are achieved In these doped LEC crystals. Good electron 
mobilities ranging from 4200 to 1700 cm^/Y-s corresponding to electron 
densities of 6 x 10*® to 4 x 10 *® cm"®, were observed In n-type (Si- or Se- 
doped) LEC crystals. This also indicated low compensation ratios (0.3 to 0.4) 
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In these crystals. Hole mobilities as high as 320 cm^/Y-s (for a hole concen- 
tration ~ 1 X 10 16 cm" 3 ) and 210 cm 2 /V-s (for a hole concentration 
~ 4 x 10 37 cm" 3 ) were observed for the p-type LEC material grown from an 
undoped Ga-rich melt and a Zn-doped melt, respectively. These results are 
comparable to commercial, high-quality Bridgman- grown GaAs, and are also 
consistent with our observation of the low background Impurity concentration. 
Furthermore, good electron diffusion lengths (as high as 5.4 urn) as well as 
hole diffusion lengths (as high as 1.4 urn) were obtained in n-type and p-type 
LEC GaAs crystals. No effect of the dislocation density was observed on the 
diffusion lengths. This result is consistent with the combination of low 
dislocation densities with long diffusion lengths which represent much longer 
distances between dislocations than the diffusion length. Our results also 
suggest that growth of bulk n- or p-type GaAs under Ga-rich conditions would 
achieve the highest electron diffusion length due to the further reduction of 
the deep electron trapping center EL2 by melt stoichiometry. 

In summary, as a result of MRDC's progress during the NASA program, 
3-in. diameter n- and p-type LEC GaAs single crystals can be reproducibly 
grown with low dislocation densities and background impurities, high elec- 
trical mobilities, good dopant uniformities, and long diffusion lengths. On 
the basis of these excellent qualities, LEC material should be applicable to 
most solar cell applications. The capability for producing these large-area, 
high-quality substrates should positively impact the manufacturability of 
highly efficient, low-cost, and radiation-hard GaAs solar cells. 

Finally, It Is important to note that the low background impurity 
concentration In bulk LEC GaAs Is extremely important for solar cells in which 
the substrate is passive, such as in a conventional "buffered" GaAs-GaAl As 
heterostructure. In these devices, out-diffusion from the substrate to active 
regions of the device of fast-moving metallic impurities such as Fe, is detri- 
mental to performance and radiation hardness, since these impurities act as 
carrier traps, reducing the minority carrier lifetime, and as compensation 
centers, changing the effective carrier concentration of the region in which 
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diffusion takes place. Lower levels of background impurities will result in 
fewer Impurities reaching the active region of the device. Thus, adverse 
effects from out-diffusion are expected to be minimal with LEC GaAs. 
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